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Available online 15 September 2024 reference and one combined with PCM; PV-PCM) are used for outdoor tests. The

current implementation is made with three types of PCM with a fixed thickness
(3 cm) and with different inclination angles of 10°, 20°, 30°, and 40°. According
to the results, the PV panels' tops had the maximum temperature spread, while
their bottoms showed the lowest variation in temperature. At an inclination
angle of 10¢, the temperature on the upper side of the plate is 18.8% higher than
the lower side, 14.3%, and 12.2% for PCM1, PCM2, and PCM3, respectively.
There is also an improved electrical power output of 16.8% for the PV-PCM panel
with 3 cm PCM thickness over the reference panel (PV) with a tilt angle of 40-.
Relatedly, raising the inclination angle from 10° to 40° improves the Energy

Keywords: efficiency of PV-PCM with a thickness of 3 cm PCM by 10.4%. Finally, using 3 cm
Panel; PCM; tilt angle; paraffin wax; thick PCM improves the Energy efficiency of the PV-PCM panel by 17.4%
electrical efficiency compared to PV with an inclination angle of 30°.

1. Introduction

Panels give electrical energy to the corresponding request after using air energy as an energy
input. A substantial amount of solar energy is lost to the atmosphere as heat due to convection and
radiation. For numerous purposes, solar photovoltaic (PV) panels are considered one of the most
important renewable energy sources [1,2]. Many factors, including the working temperature of cell
semiconductors and the amount of incident solar radiation, influence how efficiently solar Solar
panels operate. The heat that is absorbed raises the temperature, negatively impacting its output. As
a result, as the surface temperature rises, the performance of the PV panel declines [3]. To perform
proper thermal control, PCM-mixed thermal systems are employed as passive cooling systems [4].
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Numerous experiments have been conducted recently to manage thermal energy utilizing phase-
change materials and reduce the surface temperature of solar panels [5,6]. By melting or solidifying,
choosing the right PCM material can store significant heat or cold.

Usually less than 10%, a slight volume shift occurs when PCM melts. Research on the PV
performance mixed with PCM was conducted experimentally [7]. According to the results, with the
drop in temperature of 7 °C, the PV-PCM panel's daily average performance increased by 1.21%. With
3 PCM-Solar panels and two different types of PCM, Chiew et al., [8] conducted an experimental
investigation. After 130 minutes, the results showed that the RT-25 kept the temperature over the
front surface of the PV panel below 29 °C. Granular GR-40 performed worse at regulating
temperature than RT-25. Water-based PV-T and PV/T-PCM panels were used in an experimental
implementation by Maghrabie et al., [9] and Kant et al., [10]. The PV/T and PV/T-PCM combinations
showed the largest increases in Energy efficiency, 10.66%, and 12.6%, respectively. Several authors
conducted an experimental study on a special PV/T/PCM panel using PCM's capric-palmitic fatty acid
eutectic [11-17]. The findings showed that the PV/T-PCM panel's thermal efficiency varied from 20%
to 25%. This study aims to increase the efficiency of solar panels utilizing different phase-change
materials with fixed thicknesses and varied inclination angles. Additionally, when contrasting it with
traditional photovoltaic panels, use it as a reference panel (PV).

2. Method
2.1 Experimental Work Set-Up

The experimental setup's photo rig and schematic is displayed in Figure 1 and Figure 2. The setup
for the experiment is built in Kirkuk, Iraq. A reference panel (PV) without PCM and another with three
different types of PCM (RT-57, RT-61, and RT-65) and designated as PV-PCM, two identical PV panels
with a rated power capacity of 250 W for testing all details and properties are shown in Table 1, one
PCM-filled container with different varieties of PCM at a constant thickness of 3 cm, and all details
and properties are shown in Table 2. The experimental setup consists of the measuring equipment
and an adjustable stand. PV systems tilt angle is controlled by an adjustable stand consisting of bars
with metal angles on one movable side to adjust the panels' angle. The stand's panels are oriented
southward, and the tilt degrees with regard to the horizontal axis are 10°, 20°, 30°, and 40°. The
effects of PV panel tilt angle on electrical efficiency and PCM melting during testing are investigated.
A 165 cm by 65 cm by 4 cm internal PCM container with a 2 mm thick galvanized sheet construction
is worked. Once all of the PCM has melted, the container is positioned behind the PV panel, secured
with screws, and sealed with silicone adhesive to prevent leaks. To demonstrate the feasibility of
using PCM and to experimentally improve the performance of solar panels, measurements are done
of the voltage, current, ambient air temperature, and incident solar radiation intensity. Table 3
presents the details of every device that is being used. Temperatures were recorded at nine separate
spots on the plate's surface. T1 through T9, which represent the average temperatures at the
locations shown in Figure 3, were thus employed. This will help you comprehend the results section's
numerical data even better. Figure 4 shows the types of PCMs mixed with panels.
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Fig. 3. Temperature distribution schematic of PV panel

Fig. 4. Real photo of PV panel :(A). PV-PCM1, (B) PV-PCM2, (C) PV-PCM3, (D)Back side cover

Table 1

PV Panel Properties [18-20]

Parameter Specification

Power 250W Co-eff. Power -0.4% / OK
Open circuit Voltage 37.74V Co-eff. Voltage -0.34% / OK
Short circuit Current 8.74A Co-eff. Current +0.005% / OK
voltage at maximum 30.5Vv Weight 18.0Kg

Current at Maximum 8.2A Dimension 16.5x100x4 cm
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Table 2

Thermo-Physical Properties of PCMs [21,22]

Parameter PCM1 PCM2 PCM3
Melting temperature [K] 330 334 338
Solidus density [kg/m3] 841.32 852.14 860.77
Liquids density[kg/m3] 757.25 766.11 770.53
Specific heat [J/kg K] 2891 2900 2952
Thermal conductivity [W/m K] 0.00031 0.000305 0.0003
Table 3

Illustrates the measurement error of every piece of apparatus [23]

Measuring Name Type and uses Error
Solar power meter To measure solar irradiation (W/m?) +10 (W/m?)
Flow-meter To measure volume flowrate (CPM) +0.1%

Dig. Thermometer To measure temperature (°C) +0.5°C
Anemometer To measure Air Velocity(m/s) +0.1%

From 09:00 to 16:00, data is gathered every 60 minutes, and for each experiment, the solar
radiation intensity, Voc, and Isc for PV panels are reported. These steps are taken in order to
determine how well solar panels function under the test conditions.

Vi.

To prevent the accumulation of dust, clean the PV panels before every test.

Verify that the circuit has the capability to measure current and voltage in order to
determine the output of electrical power.

To record the sun radiation intensity (S), use a digital solar meter.

Measure the surrounding air temperature with a manometer.

To measure ISC and VOCs, set the multimeter to the proper mode.

Check the temperature distribution on the photovoltaic screen's front side every 60
minutes using the thermal sensor.

The electrical efficiency and power capacity are calculated using the following formulas [24,25].

The PV panels' incident power is provided by

P =
where

In addi

Pele =

S.A (1)
A is the panel area (in [m?], and S is the incident solar radiation intensity (in [W/m?]).
tion, The PV panels' electrical output power (Pele) is calculated by

LV (2)

The formula below can also be used to get the maximum obtained power (Pmax)

Pm ax

where

= Vmax: Imax (3)

Vmax and Imax are the maximum voltage and current.
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The parameter that joins the VOC and ISC to determine the maximum power output from a
photovoltaic panel is called the fill factor (FF)

FF = Bnax Voc - Isc (4)
The following is the standard equation for calculating a photovoltaic panel's electrical efficiency (nele)

Nele = Pmax - Pinc (5)

2.2 Uncertainty of Experimental Data

Accurate evaluation was necessary to determine the measured parameters' correctness in this
investigation. For each variable (y'), the uncertainty (g,) is therefore defined as follows: the
uncertainty interval is given after the variable's best value (y) [26].

y =y + g (6)

When y' is the variable being measured, y represents its best value, and the uncertainty is
represented by &,. The errors in the current experimental data utilized to help the panel's
performance are computed using the method from Kline and McClintock [27]. The degree of
uncertainty in PV calculations, including electrical power and efficiency (1.), is significantly
influenced by the accuracy of each measured variable, including V, |, and S. Thus, using the least-
square fit approach, the uncertainty (e,) of the calculated electrical efficiency (7,.) resulting from
uncertainties of individual variables was assessed as follows

1

&y = [(;—;53/1)2 + (%53/2)2 + et (:7yn6yn)2r (7)

Table 4 shows the experimental instruments' accuracy and maximum uncertainties.

Table 4

Value of uncertainty in computation and measurement
Parameters Maximum Uncertainty
Electrical efficiency, nele 13.24%

Incident radiation, S 10.8%

Current, | 10.14%

Voltage, V +0.06%

Temperature, T +0.17%

Tilt angle, B +1.15%

3. Results and Discussion

The effect of using multiple types of PCM (RT-57, RT-61 and RT-65) at a constant thickness to cool
photovoltaic panels on their performance is tested experimentally in this article. The effect of using
various PCM kinds attached to the PV-PCM panel's back surface at four tilt degrees and a constant
thickness on the panel's performance is examined throughout the studies. A pair of identical solar
panels, each capable of producing 250 W of power, are examined and installed outside, facing south.
PV stands for reference panel, which is one that is directly coupled to one of the three types of PCM
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containers: PV-PCM1, PV-PCM2, and PV-PCM3. Air in the surrounding environment cools the other
panel. Under the same meteorological circumstances, the two panels are investigated

simultaneously. To adjust the tilt angle of the PV panels at 10°, 20°, 30°, and 40°, a moveable platform
is used to hole the panels.

3.1 Average Ambient Temperature and Average Solar Radiation

Air temperature and radiation are the primary climate variables that impact solar panel
performance. To assess the effectiveness of panels, the recorded values of these two parameters are
analyzed. Figure 5 shows the average ambient air temperature and the variation in solar intensity
during the course of the tests. It is viewed that the sun intensity rises from 541 W/m? at 9:00 to 841
W/m? at 12:00, when it peaks, and then tends to decrease until 363 W/m? at 15:00. In addition, the
average outside temperature is around 28 °C at 9:00 and increases gradually to 36—38 °C at noon and
40 °C by 15:00.

® Solar radiation ® Ambient temperature

850 43 O

— L] 3
N * ’ o 41 7
T 750 o o 5
= . ¥ =
= o
< 650 o o 37 @
n L =3
- 35 £
S 550 8
2 'Y ° 3 £
T 450 31 2
S ° 29 &
j- ©
< 350 ] ©
o 21 2
(2] —
250 25 2

8 9 10 11 12 13 14 15 16 <

Time(hr)

Fig. 5. Average sun radiation and average local temperature (Kirkuk, Iraq)

3.2 PV Panel Temperature Variation

Figure 6 shows how the PCM types (RT-57, RT-61, and RT-65) affect the temperature variation on
the front surface of the panel using nine evenly spaced thermal sensors and panel tilt angles of 10,
20, 30, and 40 degrees, at 841 W/m?. It is observed that increasing the plate inclination angle results
in a significant decrease in the surface temperature for all types of PCM. The PV-PCM panel records
the maximum temperature variation on its surface when placed at an angle of 10 degrees, while the
lower surface temperature is recorded at 40°. This is likely because convection, at small tilt angles,
causes very little energy to flow within the PCM [28]. Moreover, the results show that changing the
PCM type reduces the plate surface temperature rise from T1 to T9 at all values of inclination angles.
For PCM types 1, 2, and 3, the temperature difference between the upper (T9) and lower (T1) sides
of the PV panel with an inclination angle of 10° is 18.18%, 14.3%, and 12.2%, respectively. This
confirms that the upper part has less cooling due to the melting of the PCM and sliding downwards,
leaving a vacuum in the upper part of the PV-PCM panel.
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Fig. 6. Temperature distribution for each PCM type on the front face of the
PV-PCM panel

Figure 7 illustrates how the temperature variation on the front face of the PV-PCM panel at 841
W/m? changes with a change in PCM type at different tilt angles of 10°, 20°, 30°, and 40°. The results
of the experiment indicate that the surface temperature of the PV panel may be significantly lowered
by changing the kind of PCM on its back surface. Additionally, because of the melting characteristics
of using PCM to cool the panel's back side, the front surface temperature at the top side (T9) is higher
than the temperature at the bottom side (T1) at PCM1 type by 16.5%, 18.2%, 19.1%, and 19.8% for a
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tilt angle of 10°, 20°, 30°, and 40°, respectively. The types of PCM used and the angle of panel have
a considerable impact on the temperature distribution on the front face of the panel when employing
PCM on the back side. The temperature variation on the front surface is not uniform when PCM is
used on the rear of the PV panel in a one-volume box. This suggests that each cell has a unique
temperature, which has a significant effect on the electrical energy output, the lifetime of the cell,
and ultimately the PV panel's lifetime.
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Fig. 7. Temperature distribution at tilt angles of (a) 10, (b) 20, (c) 30°, and (d) 40° for different types of
PCM, on the front surface of PV-PCM panels

3.3 Output of Electrical Power

The power output for PV panels tilted at different angles (10°, 20°, 30°, and 40°) is plotted against
the intensity of solar radiation for a 3 cm PCM thickness in Figure 8. Based on the results of the
experiment, the reference PV panel's maximum electrical power output is 190.3 W when sun
radiation reaches 841 W/m?, whereas the PV-PCM3 panel's maximum value at the same solar r
intensity is 225.47 W when using PV-PCM3 at a 40° tilt angle. This suggests that raising the panel
output power corresponds with lowering the panel surface temperature. Furthermore, as solar
radiation intensity increases, there is a higher noticeable increase in the electrical power output of
the PV panels as a result of adopting PCM for all types of PV panels, compared to reference panels.
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Fig. 8. The electrical power output at tilt angles of (a) 10¢, (b) 20¢, (c) 30, and (d) 40°

3.4 Electrical Efficiency

The shown variation in PV panel performance during the day is due to a similar pattern of
variation in both the radiation received and the power supplied.

The variation in PV panel and PVPCM panel electrical efficiency vs sun radiation at various tilt
angles (10, 20, 30, and 40 degrees) is shown in Figure 9. The panels are made of PCM panels of
different types at every tilt angle, it has been found that the PVPCM panel's efficiency exceeds that

of the PV panel.

The PV panel's greatest electrical efficiency at a 40° tilt angle is 13.5% at 841 W/m? of solar
radiation, according to the data; at the same solar radiation intensity, the PV-PCM panel's maximum
electrical efficiency is 15.4%. Furthermore, when solar radiation intensity increases, the increase in
thermal efficiency brought about by the use of PV-PCM is diminished for all tilt angle values of panels.
Furthermore, both PV panels' maximum thermal efficiency values are maintained at a 40° tilt angle.
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Fig. 9. PV and PV-PCM panel electrical efficiency and solar radiation with angle of (a) 10¢, (b) 20, (c) 30¢,
and (d) 40°

Figure 10 displays the mean output power and electrical efficiency variation for PV and PV-PCM
panels at various tilt degrees and PCM types. PV panels have an average power of 165 W at a 40 tilt
angle; in contrast, the PV-PCM panel has an average power of 168.1 W, 175 W, and 205 W at PCM1,
PCM2, and PCM3, respectively. Furthermore, 145 W, 151.3 W, 155.1 W, and 165 W are the matching
values for panel. At different angle of 10¢, 20°, 30°, and 40¢, respectively, those of the PV-PCM3 are
175 W, 184.8 W, 193.1 W, and 205 W. When comparing the PV-PCM3 panel's power output to the
PV panel at a 40° tilt angle, these figures show a notable increase of 16.8%. Also, when the PV panels'
tilt angle is reduced, their average electrical power output drops. Furthermore, the findings of the
experiments indicate that varying PCM kinds and tilt angle greatly improve electrical efficiency. PV-
PCM3's electrical efficiency rises by 10.4% when the tilt angle is increased from 107 to 40e. Finally,
utilizing PCM3 increases the PV-PCM panel's efficiency by 17.4% when compared to a PV panel at a
tilt angle of 40-. Table 5 shows a comparison of the percentage improvement of the results of this
study with the results of previous studies in terms of electrical efficiency and power.
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Table 5

Comparing the results of this study with those of previous studies

Ref. Location Power Enhancement (%)  Electrical Efficiency. Improvement (%)
Hachem et al., [29] Lebanon 7-7.4% 5.8%
Stropnik and Stritih Slovenia 9-9.2% 1.1%-2.8%
[30]

Agyekum et al., [31] Russia 11-11.33% 5.15%
Wongwuttanasatian ~ Thailand 3.5-3.6% 5.3%

etal., [32]

Atkin and Farid [33] New Zealand =~ ----- 12.97%
Tan et al., [34] Australia 3.4-3.44% 5.33-5.39%
Lu et al., [35] Laboratory solar  ----- 10%-12%
Current study Iraq 9%-15% 12%-18%

4, Conclusion

This work experimentally implements the impact of several PCM types (RT57, RT61, and RT68) on
PV panel cooling on PV performance. Installed outdoors and oriented southward are two identical
photovoltaic panels. One PV panel is directly mounted on top of a PCM container, known as the PV-
PCM. The reference panel is the second photovoltaic panel, which is cooled by the surrounding
ambient air. In conclusion, the PV panel's output power and electrical efficiency are improved when
PCM is incorporated on the rear side, which lowers the panel temperature distribution. It is
discovered that the upper portion of the PV-PCM panel maintains the highest temperature, which is
explained in detail by using nine thermocouples to measure the temperature variation on the panel's
surface. Similarly, for PCM1, PCM2, and PCM3, the temperature on the pane's upper side (T9) is
approximately 18.18%, 14.3%, and 12.2% higher than the bottom side (T1) at a tilt angle of 10°. This
demonstrates that there is less cooling in the upper portion of the PV-PCM panel as a result of the
PCM melting and sliding downward, creating a vacuum there. When compared to a PV panel at a tilt
angle of 40°, the power output of the PV-PCM panel with a 3 cm PCM is 16.8% higher. Furthermore,
when compared to 10¢, 20°, and 30¢, the tilt angle of 40° performs well in every situation. Increasing
the tilt angle and utilizing different types of PCM also greatly enhance electricity efficiency. When the
angle varies between (10° to 40°), the electrical efficiency of PV-PCM at 3 cm thickness improves by
10.4%. Last but not least, employing PCM with a 3 cm thickness raises the PV-PCM panel's efficiency
over the PV reference panel by 17.4%.
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